Exploring the polymorphism phenomenon of polyamide 66 (PA 66) a single polymer composite (SPC) was prepared. The matrix was obtained via compression molding and quenching in ice water expecting to comprise the modification with lower melting temperature (T m ). The reinforcement was commercial textile yarn of PA 66, characterized by a higher T m . Layers of the yarn were sandwiched between matrix films and compression molded at 250 °C, i.e. 10 °C below T m of the reinforcement. SEM observations revealed the layered structure of SPC as well as a good adhesion between the composite components due to surface premelting. The tensile testing showed, as compared with the matrix, an increase of the initial modulus by 28% and of the tensile strength by 160% when the reinforcing component of the SPC amounted to only 20 wt%. Optimization of the preparation conditions, including variation of the matrix/reinforcement ratio as well as trialing of other polyamides, is in progress.
INTRODUCTION
In the field of composite science and technology a parameter of paramount importance is the adhesion between the matrix and reinforcement, in addition to the aspect ratio of the latter. The adhesion problem exists because composites are, as a rule, two-component systems differing in their chemical composition. This could be overcome to a significant extent if the matrix and the reinforcement are of the same chemical composition, e.g. by the preparation of single polymer composites (SPC).
The first experiments in this direction were reported by Capiati and Porter [1] , however a fundamental study of SPC was carried out by Ward et al. [2] [3] [4] [5] [6] [7] [8] . Ward developed and commercialized a patented technology for the manufacture of single polymer composites called "hot compaction" where only one constituent is used [2] . This technology explores an inherent property of polymers, namely, the fact that the semi-crystalline polymers always comprise of crystallites with varying perfection and thus having different melting temperature (T m ) resulting in a melting interval instead of a "melting point". During the hot compaction the highly drawn fibers or tapes are treated at a temperature being the T m of the less perfect crystallites and representing the start of the melting interval. In this way, due mostly to a surface partial melting, the aligned pressed fibers or filaments stick together, creating an isotropic "matrix" component of the SPC. A peculiarity of this approach is the domination of the highly oriented reinforcement amounting to 80 wt% [3] . Using this technology Ward and coworkers succeeded to prepare SPC from a series of polymers such as polyethylene [4] , polypropylene [5] , poly(ethylene terephthalate) [6] , poly(ethylene naphthalate), polyamide 66 [3] summarized in ref. [8] . They *Address correspondence to this author at the Centre for Advanced Composite Materials, Department of Mechanical Engineering, The University of Auckland, Private Bag 92019, Auckland, New Zealand; Tel: +64 9 373 7599 ext. 84543; Fax: +64 9 367 7181; E-mail: s.fakirov@auckland.ac.nz reported improvements in the mechanical properties of several times as compared with the isotropic, non-reinforced polymers.
A different way of achieving the same target was followed by Karger-Kocsis [9] who explored the strong tendency of some polymers to crystallize in two or more polymorphic modifications distinguished by different properties including the T m -value. He patented this method for preparation of polymorphic SPCs from PP calling them "all-PP composites" [9] [10] [11] [12] . The lower melting modification (matrix) was prepared using an appropriate nucleating agent and the reinforcement was the PP modification with higher T m . Again, compression molding was used to manufacture the composite at a temperature between the T m of the two polymorphic modifications of PP. It is also worth mentioning that this approach allows preparation of single polymer composite materials with a composition matrix/reinforcement closer to that of the traditional glass fiber reinforced polymer composites.
Because of the environmental impact of glass fiber reinforced polymer composites, particularly in the European car manufacturing industry [13] , the preparation of single polymer composites is becoming an attractive option. For this reason, the present study attempts to apply the second approach for the preparation of SPC using other polymers characterized by an extremely high ability to form polymorphic modifications. These are the polyamides [14] . It is interesting to note that, for example, polyamide 6 (PA 6) quenched from its melt, crystallizes in the -modification, while at higher temperatures and/or during drawing it undergoes recrystallization in the higher-melting -modification. This polymorphic transition takes place in such a smooth way that the existence of the -modification cannot be detected during the heating in the differential scanning calorimeter. Only after applying a chemical cross-linking in the amorphous areas before scanning, Fakirov and Avramova [15] succeeded to prevent the recrystallization process and thus even to determine the equilibrium melting temperature (T m o ) of the -modification of PA 6 amounting to
It should be mentioned here that in the present study no particular analysis for the identification of the polymorphic modifications has been carried out. Using the preparation conditions described in the literature for the two modifications, it is expected that one or the other polymorphic modification dominates in the two manufactured samples.
MATERIALS AND METHODOLOGY
For the purposes of the current study, a polyamide 66 (PA 66) type EMS-Grivory Grilon ® T300GM, supplied by EMS, Germany, as pellets with a melt flow index of 160 g/10 min was used as the matrix. PA 66 commercial texturised yarn Timbrelle ® dtex 44 f 13x2, supplied by TWD Fibres, Germany, played the role of reinforcement.
The matrix was prepared in the form of a thin film (thickness of ~60 μm) by means of compression molding at 270 o C for 5 min and at a pressure of about 35 MPa, followed by quenching in ice water together with the covering Teflon films. The reinforcing yarn of continuous filaments was wound onto a metal frame using a lathe. A matrix film was then placed between the two yarn layers along with two further films on either side of the frame. The compression molding was carried out at 250 °C for 5 min at a pressure of ~30 MPa. The pressure was maintained during the cooling down process. In this way films with a thickness of ~200 μm were prepared. All the materials used were dried in a vacuum oven at 80 °C for 24 h before being subjected to any thermal treatment.
The T m values and the melting intervals, which were of particular importance in this study, along with the degree of crystallinity (w c (DSC)) were determined using a differential scanning calorimeter (DSC) of type DSC Q 1000 of TA Instruments. Typically 6 to 8 mg of material was subjected to scanning at a heating rate of 10 °C/min. The w c (DSC)) was calculated by means of the equation:
where H exp and H° are the experimentally measured and the ideal (for 100% crystalline sample) values of the heat of fusion, respectively. For H° the value of 190.50 J/g [16] was used.
Scanning electron microscopy (SEM) was applied for observation of the cryofractured surfaces of the composite samples. For this purpose the respective sample was submerged in liquid Nitrogen, where the fracturing took place.
The observations were performed on a Philips XL30S instrument with an acceleration voltage of 5 kV.
The mechanical performance of the starting isotropic films of PA 66 (matrix) and the prepared polymorphic SPC was evaluated in tensile mode using an Instron 5567 machine equipped with a load cell interface, model SN-1000N, gauge length of 50 mm and cross-head speed of 5 mm/min at room temperature and 50% humidity. The testing was performed after room conditioning of the samples for two weeks since the absorbed moisture (2.2% as an equilibrium amount) has a dramatic effect on the mechanical properties as demonstrated by Ward and Hine just for the same polymer [3] . The testing was performed according to ASTM D882 on strips 15 mm wide punched by means of a die from the compression molded films. The results of six specimens were averaged for each sample. Fig. (1) shows the DSC melting endotherms of the starting materials, the PA 66 yarn (reinforcement), Fig. (1a) , and the isotropic PA 66 film (matrix), Fig. (1b) as well as the polymorphic SPC, Fig. (1c) . There are two important observations in this case: (i) the two starting materials melt at different temperatures in accordance with the expectation, 260 o C for the reinforcement and 250 o C for the matrix, Figs. (1a) and (1b) (the lower-melting peak), respectively, and (ii) the matrix film melts at temperatures being at the start of the melting process of the reinforcing filaments (250 o C). Both observations are very important for the manufacturing process of the single polymer composites. Furthermore, the actual melting temperature of the reinforcing filaments during compression molding is expected to be significantly higher as the filaments being wound on a metal frame are constrained. Ward and Hine found a difference in the onset of melting due to the constraining of the fibers of around 10 o C for commercial PA 66 fibers [3] . The degree of crystallinity of the starting materials is also different, 28% for the matrix (calculated from the area of the lower melting peak of curve (b) in Fig. 1) and 41% for the reinforcement. This difference in the w c (DSC)) values is also in favor of the SPC manufacturing process since it enhances the wetting of the reinforcing filaments. An indication of the wetting quality can be gained by microscopic inspection.
RESULTS AND DISCUSSION
In Fig. (2) the SEM micrographs of the cryofractured surface of SPC, taken at various magnifications, are shown. From Fig. (2a) it is quite evident that the reinforcing fila- ments are preserved during the compression molding of the SPC. A well expressed layered structure of the composite material can be seen.
In regards to the wetting quality, this could be judged from Fig. (2b) where again a micrograph of the cryofractured surface is displayed but taken at higher magnification. Due to the applied pressure and surface pre-melting, the filaments sandwiched between the matrix films are connected to one another as well as with the matrix films, assuming a good adhesion quality between the two composite constituents, Fig. (2b) .
After demonstrating that the prepared samples have the typical structure of a fiber reinforced composite with a layered structure, Fig. (2) , it was of interest to check to what extent their mechanical performance satisfies the requirements for such materials, i.e. if any reinforcement could be observed. The results of the static tensile tests are summarized in Table 1 together with the results of Ward and Hine [3] for the SPC of the same polymer but using the hot compaction technique and one constituent.
As compared with the starting isotropic film (matrix), an improvement in the initial modulus of 28% and much more for the stress at break (increase of 163%) is achieved for the SPC (Table 1) , i.e. one really deals with a single polymer composite expectedly of the polymorphic type. Of particular importance in this case is the fact that the increase of the initial modulus is smaller than that of the hot compacted SPC based on the same polymer [3] . This difference could be related with the matrix/reinforcement ratio of the SPC prepared in the two different ways. In the case of hot compaction the reinforcement (80 wt%) strongly dominates, Table 1 , [3] , while in the polymorphic SPC the reinforcement only amounts to 20 wt% ( Table 1) . In this respect it seems important to note that for the hot compacted samples the modulus of the oriented phase is three times higher than that of the matrix-phase modulus (5.8 against 1.9 GPa, both in a wet state [3] ). Further, in accordance with the expectation, the polymorphic PA 66 composite samples show a lower (by 25%) elongation at break as compared with the nonreinforced PA 66 ( Table 1) . In addition, all specimens, those of the matrix film and of the composite specimens, demon- strated rather brittle behavior and none of them undergo necking during the tensile testing. This is possibly related, in addition to the known behavior of this polymer [14] , with the large difference between the thickness (60 μm for the matrix and 220 μm for the composite) and width (15000 μm) of the tested specimens. Such a behavior could be advantageous for certain engineering plastics applications.
CONCLUSION
In summary, it can be concluded that polymorphism of polymers, particularly that of such a big and important family as polyamides [14] could be explored as an attractive approach for the manufacture of single polymer composites. This technique [9] [10] [11] [12] as compared with the one-constituent hot compaction technique [2] [3] [4] [5] [6] [7] [8] has superior characteristics regarding the processing window. For example, the hot compaction of PA 66 has been carried out at temperatures between 260 and 263 o C [3] , while the compression molding of the polymorphic SPC from the same polymer was performed at 250 o C, i.e. some 10 o C below the melting temperature of the reinforcement.
